ecological changes to feed back with evolutionary consequences. Indeed, the starkly lower survival of terrestrial hermit crabs in nonhermit-derived shells is likely to have favored these hermits' highly gregarious tendencies, such as spontaneous aggregation at the sight of clustered conspecifics [8] . Aquatic hermit crabs, in contrast, which do not remodel shells [3] , commonly target chemical cues of gastropod death to locate new shells [6] . Niche construction can thus be an important initiator of evolutionary pressures to socialize [1, 2, 9, 10] , even among genetically unrelated and otherwise asocial organisms.
Supplemental information
Supplemental information including experimental procedures and one figure can be found with this article online at http://dx.doi.org/10.1016/j.cub.2012.08.056. front legs are repeatedly brought into contact with the beetles' mouth-parts (see Supplemental Video 1). Like desert ants, the beetles may regurgitate liquid onto their front legs during this contact to cool them down by evaporative cooling [8] . After preening, beetles usually perform an orientation dance before continuing to roll [9] .
Beetles perform this ball climbing behaviour progressively more often with increasing ground temperature ( Figure 1A ). Overall, they climbed onto their ball almost seven times as often in the hot arena as they did in the cool arena What triggers this ball climbing behaviour? Infrared thermography (see Supplemental Video 2) shows that during each rolling phase, the surface temperature of the beetles' front legs (protibia) increases by as much as 10°C and then decreases again when the beetle is on the ball. At the same time, the thorax temperature changes only minimally ( Figure 1B) . The front legs of the beetles that climbed their balls most often in the hot arena cooled down by an average of about 7°C within 10 s on the ball ( Figure 1C ). To test if an increase in leg temperature during a rolling phase triggers ball climbing, we applied insulating 'boots' made from dental silicone to the beetles' front legs ( Figure 1D ) before testing them in a hot arena. With the boots on, the average rolling time between consecutive ball climbs almost doubled from 10.7 s to 20.8 s in the same individuals. Beetles with boots consequently climbed their ball 35% less often than without boots ( Figure 1D , left bar group; W(41) = 326, p < 0.01), indicating that ball climbing is mediated by temperature changes in the front legs. This behaviour may have evolved to protect the sensory organs on the legs and head, as well as the beetles' brain, from temperature-related damage [8] .
In principle, the dung ball can serve thermoregulation in three At midday, surface temperatures in the desert often exceed 60°C. To be active at this time, animals need extraordinary behavioural or physiological adaptations. Desert ants, for instance, spend up to 75% of their foraging time cooling down on elevated thermal refuges such as grass stalks [1] . Ball-rolling dung beetles work under similar thermal conditions in South African savannahs. After landing at a fresh dung pile, a beetle quickly forms a dung ball and rolls it away in a straight line, head down, walking backwards [2] . Earlier studies have shown that some dung beetles maintain an elevated body temperature to gain a competitive advantage [3] [4] [5] , and that heat shunting may prevent overheating during flight [6, 7] . However, we know little about the behavioural strategies beetles might employ to mitigate heat stress while rolling their dung balls. Using infrared thermography and behavioural experiments, we show here that dung beetles use their dung ball as a mobile thermal refuge onto which they climb to cool down while rolling across hot soil. We further demonstrate that the moist ball functions not only as a portable platform, but also as a heat sink, which effectively cools the beetle as it rolls or climbs onto it.
To examine how dung beetles avoid heat stress on hot soil, we compared the behaviour of Scarabaeus (Kheper) lamarcki rolling their balls at midday from the centre of two sandy, circular arenas (diameter: 3 m) in their natural South African habitat. One arena was shaded in the morning to keep it cool (median ground temperature: 51.3°C), while the other one was exposed to full sunlight (median 57.2°C). At ground temperatures below 50°C, beetles exit the arena along a straight 1.5 m path without pausing. On hotter soil, however, they occasionally stop, climb onto their ball and perform a particular preening behaviour during which the ways: as an elevated platform, as a heat sink, and by cooling the sand. With an average diameter of 3-4 cm, the ball provides the beetles with a portable platform to escape the hot sand, similar to the function grass stalks fulfil for desert ants [1, 10] . Due to evaporative cooling, the moist dung ball has a temperature of 31.8°C ± 0.92 S.D. (n = 12). This is substantially cooler than the beetle and soil, and the ball may therefore act as a heat sink, both during rolling and while the beetle is on the ball. If this is true, warmer balls should be less efficient heat sinks, and beetles should climb onto them more often. To test this idea, we let beetles roll a cold ball (15.8°C ± 4.5 S.D.) and a hot ball (40.1°C ± 2.3 S.D.) from the centre of the hot arena, and found that the beetles climbed a hot ball 73% more often than a cold ball ( Figure 1D ; W(50) = 397.5, p < 0.001). This indicates that a cool dung ball indeed works as an efficient heat sink. Because beetles roll their ball rather than drag it, the ball, preceding the beetle, cools down the sand the beetle is about to step on. The temperature of the soil just after ball and beetle crossed it is 1.5°C lower than it was before (n = 6 beetles; ball temperature 33.6°C ± 1.9 S.D.).
We conclude that dung beetles are unique among insects in transporting a mobile thermal refuge -their dung ball. The ball functions as both a platform and a heat sink, and additionally cools down the sand that the beetle is about to step on. Beetles climb onto the ball when their front leg temperature, and presumably their head temperature, increases. Transporting a mobile thermal refuge means that dung beetles do not have to deviate from their chosen path to seek shelter, can cross featureless terrain devoid of any refuges, and are constantly in touch with their ball should the need arise to defend it against conspecifics. This unique set of thermoregulatory behaviours allows dung beetles to operate in conditions when heat stress prevents most other arthropods from being active. 
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